In mining of inclined coal seams in Tangshan coal mine of Kailuan group, gateways on either end of a panel were both typically located along the floor and a gateway pillar between adjoining panels was left unmined between adjacent panels to ensure stability, thus forming a planar mining system. According to the practice, however, it turned out that this conventional mining system has long-standing problems, such as face end support problems, coal bumps, sliding of mining equipment downhill, spontaneous combustions, support problems in development entries, etc. In view of this situation and based on the No. Y294 panel, this paper analyzes an innovative mining technology in which the gateways on either end of a panel are located at different heights within the coal seam. For the adjacent panel, the gate development may be superposed on the development entry of the previous panel or may be offset with respect to it. Field data shows that the split-level layout of the longwall panel plays an effective role in control of overall stability of mining equipment in inclined coal seams. Physical modeling demonstrates that the new technology has many advantages in ground control. Under the condition without a pillar, development entry adjacent to the new panel is located in the de-stressed zone and stress concentration is significantly reduced with associated reduction in coal bumps, bursts and support problems which means less support and maintenance requirement and cost. Compared with the conventional rectangular pillar, the gateway pillar width in this new technology is effectively reduced when pillars have to be left unmined. Roof strata behavior and features are analyzed. Corresponding operations in the field are introduced in detail.
Introduction
Thick coal seams are widely spread over most provinces and regions in China [1] . Conventional longwall top coal caving (CLTCC) is the main mining method throughout the country [2] . However, problems such as low recovery, fire, coal bumps and bursts, wavy surface subsidence, etc., constrain its development and practical application [1] . The application of CLTCC in inclined coal seams is more difficult due to severe longwall equipment stability problems [3, 4] .
Kailuan group is the oldest coal mining corporation in China with a history of over 120 years [5] . Tangshan coal mine is one of the most important coal mines for Kailuan group and is a typical example of many coal mines in China. Development entries on both ends of a panel in the coal mine were typically located along the floor, and coal pillars were left unmined between adjacent panels to ensure stability, thus forming a planar mining system [6] . However, CLTCC practice shows that employing this conventional mining system gives rise to many problems to be analyzed later. Table 1 . According to the geological condition and past practice, there are four main problems:
(1) Large inclination, 30 • on average, which leads to longwall equipment slide.
(2) Cover depth is from −550 m to −658 m, and ground pressure is relatively high. (3) In order to avoid high side abutment pressure, a large gateway pillar has to be left between adjacent panels leading to low recovery. Moreover, top coal on the top of four shields on each end of the face and gateways cannot be recovered, which further leads to low recovery. (4) Coal bumps, rock bursts and severe convergence occur frequently in the gateway only a gateway pillar away from gob due to side abutment pressure, leading to support problems and even un-serviceable result of the gateway.
Mining Methods

Conventional Method
According to the practice of Tangshan coal mine, mining methods employed in the past were fully mechanized multi-slice longwall mining (MLM) and fully mechanized CLTCC. However, aforementioned problems kept being encountered. The two mining methods are shown in Figure 1 . to severe deformation and support difficulties in gateways. (4) Spontaneous combustion: Coal loss employing CLTCC gives rise to spontaneous combustion, especially in loose coal lost in gob. There were a few spontaneous combustion prone areas such as high coal roof failure areas of the gateways which accounted for two-thirds of fire disasters in the coal mine, and two ends of working face where top coal failed to be extracted and other locations where the amount of coal loss was large. 
The New Strategy
The novel approach "Longwall Mining with Split-level Gateways (LMSG)", which is an innovative patent invented by Dr. Zhao, J.L in 1998 at China University of Mining and Technology (Beijing) [7, 8] , is being employed for the coal mine of interest as shown in Figure 2 . The gateways on either end are located at different heights within the coal seam. The air-return gateway is driven along the floor while the conveyor gateway is driven along the roof. Thus, the mining geometry consists of a gradually incline-to-flat polygonal-line transitional section on one end of the panel (Panel 1). For the adjacent panel (Panel 2), the gate development may be superposed on the development entry of Panel 1 or may be offset horizontally with respect to it, which depends on the geological condition or other engineering requirements. The transitional section is developed In order to avoid the abutment pressure, MLM gateways in lower slices were inner offset with respect to the upper slice as shown in Figure 1b . However, the main problems of this method are:
(1) Machines in the face tend to slide due to inclination; (2) A large gateway pillar must be left unmined between adjoining panels, leading to low recovery; Minerals 2017, 7, 14 4 of 16 (3) Practice shows that MLM cannot achieve high productivity and high efficiency as tunneling work amount was large, longwall move was frequent and upper gob was repeatedly influenced by mining activity of the lower slices leading to spontaneous combustion and fires within the gob.
As shown in Figure 1c , even though CLTCC saves a large amount of material consumption, reduces the number of longwall move and tunneling work amount, many problems still exist:
(1) Low recovery: Practice shows that failing to extract top coal above gateways and above face end shields and large coal pillars led to low recovery, making it hard to meet the requirement of 75% of recovery for a longwall panel by law in China. (2) Stability problems: As coal seam inclination is up to 30 • on average, shields tend to slide or topple down, and shearer and conveyor tend to slide, too. (3) Support problems in gateways. As gateways in CLTCC were driven along the floor, their roof was relatively soft coal and roof falls were frequent. In addition, due to the gateway pillar, stress concentration not only occurred on the pillar, but also transferred to the gateways leading to severe deformation and support difficulties in gateways. (4) Spontaneous combustion: Coal loss employing CLTCC gives rise to spontaneous combustion, especially in loose coal lost in gob. There were a few spontaneous combustion prone areas such as high coal roof failure areas of the gateways which accounted for two-thirds of fire disasters in the coal mine, and two ends of working face where top coal failed to be extracted and other locations where the amount of coal loss was large.
The novel approach "Longwall Mining with Split-level Gateways (LMSG)", which is an innovative patent invented by Dr. Zhao, J.L in 1998 at China University of Mining and Technology (Beijing) [7, 8] , is being employed for the coal mine of interest as shown in Figure 2 . The gateways on either end are located at different heights within the coal seam. The air-return gateway is driven along the floor while the conveyor gateway is driven along the roof. Thus, the mining geometry consists of a gradually incline-to-flat polygonal-line transitional section on one end of the panel (Panel 1). For the adjacent panel (Panel 2), the gate development may be superposed on the development entry of Panel 1 or may be offset horizontally with respect to it, which depends on the geological condition or other engineering requirements. The transitional section is developed incrementally by adjusting the inclination of each section of AFC, shields and other production machines. The length and inclination of each section of AFC also depend on either the geological condition or other field engineering requirements. Shield transition is shown in Figure 3 . 
Mining Operations in the LMSG
Mining operations in the LMSG are unique and termed Triple Sections Mining Technology (TSMT) [9] , as shown in Figure 4 . The working of section "b" is performed under the artificial roof, the pseudo-roof or the regenerated roof which has steel mesh underneath and is constructed when mining the upper level of the same section of the previous panel. Thus, the tunneling work of the air-return gateway is done under the steel wire mesh and a fraction of the coal extraction is also done under the steel wire mesh. Steel sets are used for supporting the air-return gateway. Thus, it is supported by steel sets with wire mesh on the top preventing the caved rock fragments from falling. Mining operations in section "b" are similar to CLTCC, while working of section "c" is similar to multi-slicing longwall mining technology. The shield support has a wire mesh laying device on the top to form an artificial roof for the next section "a" of the future panel [10, 11] . The operations of the three sections above constitute a working cycle for one LMSG panel.
Besides using LMSG to increase stability, other supplementary measures are taken to prevent mining equipment from sliding downhill in face in order to double guarantee the safety of the longwall equipment, facility and personnel. These measures mainly include mounting an anti-slip device for the conveyor and an anti-topple device for the shields, adjusting the pseudo-inclined amount of the working face, etc. These measures solve the stability problems of the equipment, roof control problems, stones flying off, etc., in inclined working face. Some measures are shown in Figure 5 . 
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Besides using LMSG to increase stability, other supplementary measures are taken to prevent mining equipment from sliding downhill in face in order to double guarantee the safety of the longwall equipment, facility and personnel. These measures mainly include mounting an anti-slip device for the conveyor and an anti-topple device for the shields, adjusting the pseudo-inclined amount of the working face, etc. These measures solve the stability problems of the equipment, roof control problems, stones flying off, etc., in inclined working face. Some measures are shown in Figure 5 . The working of section "b" is performed under the artificial roof, the pseudo-roof or the regenerated roof which has steel mesh underneath and is constructed when mining the upper level of the same section of the previous panel. Thus, the tunneling work of the air-return gateway is done under the steel wire mesh and a fraction of the coal extraction is also done under the steel wire mesh. Steel sets are used for supporting the air-return gateway. Thus, it is supported by steel sets with wire mesh on the top preventing the caved rock fragments from falling. Mining operations in section "b" are similar to CLTCC, while working of section "c" is similar to multi-slicing longwall mining technology. The shield support has a wire mesh laying device on the top to form an artificial roof for the next section "a" of the future panel [10, 11] . The operations of the three sections above constitute a working cycle for one LMSG panel.
Panel Continuance
As the gob-side gateway of the successive new panel is driven directly under the artificial roof or the pseudo-roof of the edge of the previously longwall-mined panel, the tunneling work should be done at least 6 months (preferably one year) after the previous panel is mined out. This delayed time is required to allow the broken rock strata to settle and heal [12] . Figure 6 shows a panel continuance plan for three panels.
As we can see, using the sequence given in Figure 6 , Panel 2 becomes the so-called island longwall after Panel 1 and Panel 3 are mined; this will lead to a high likelihood of coal bumps and rock bursts for the gateway next to the gob. However, as the air-return gateway of Panel 2 is going to be driven under the gob edge of Panel 1 where it is destressed, a coal pillar is not needed to protect it. As the conveyor gateway of Panel 2 has to be driven along the roof, a coal pillar has to be left unmined between Panel 2 and Panel 3 in order to protect the conveyor gateway of Panel 2 next to the gob of Panel 3.
The concerns regarding LMSG will be discussed later. 
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The concerns regarding LMSG will be discussed later. As we can see, using the sequence given in Figure 6 , Panel 2 becomes the so-called island longwall after Panel 1 and Panel 3 are mined; this will lead to a high likelihood of coal bumps and rock bursts for the gateway next to the gob. However, as the air-return gateway of Panel 2 is going to be driven under the gob edge of Panel 1 where it is destressed, a coal pillar is not needed to protect it. As the conveyor gateway of Panel 2 has to be driven along the roof, a coal pillar has to be left unmined between Panel 2 and Panel 3 in order to protect the conveyor gateway of Panel 2 next to the gob of Panel 3.
Advantages of the Technology and Concerns
Advantages
According to the practice of Tangshan coal mine, the new strategy has many advantages compared with the conventional ones (MLM and CLTCC), mainly including:
(1) High recovery.
As we can see from Figure 7 , the pillarless LMSG has no conventional rectangular gateway pillar but only a small triangular coal loss. Gateway pillar loss and top coal that fail to be extracted above gateways in CLTCC are shown in Figure 7a . Assume that the top coal above four end shields is not recovered, the width of each shield is 1.5 m, the height of the gateway is H g , the width of the coal pillar is L c , coal seam thickness is H c , panel width is L p , then the CLTCC panel recovery ratio η can be calculated by Equation (1):
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The conveyor gateway in the LMSG is driven along the roof. Hence, the roof is no longer coal but solid rock which is much more competent, leading to a better roof support condition and less requirement. However, the conveyor gateway is driven right under the re-compacted gob edge of the previous panel, i.e., it is located within the destressed zone of the super-adjacent panel. Note that there is a solid coal or coal sheet in the roof of the conveyor gateway and it is not totally connected to (2) Easier gateway tunneling and maintenance.
The conveyor gateway in the LMSG is driven along the roof. Hence, the roof is no longer coal but solid rock which is much more competent, leading to a better roof support condition and less requirement. However, the conveyor gateway is driven right under the re-compacted gob edge of the previous panel, i.e., it is located within the destressed zone of the super-adjacent panel. Note that there is a solid coal or coal sheet in the roof of the conveyor gateway and it is not totally connected to the gob. This is better for ventilation and to some extent reduces the air leakage compared with when it is completely connected to the gob. The tunneling work of the conveyor gateway is actually performed under this thin solid coal roof and two sides of the conveyor gateway are solid coal (one side is the rib of the triangular coal pillar, the other side is the rib of the solid coalbed). Thus, the gateway supported by steel sets with wire mesh on the top prevents the roof from falling. Figure 8 shows the artificial roof support in the conveyor gateway completely connected to the gob and caved rocks right behind the face end shields in Zhenchengdi coal mine, China. Thus, the support system has to be designed to carry only the load of caved rock mass resulting from the caved immediate roof which is less required [13] . Figure 9 shows that the air-return gateway is right under the masonry protective structure developed by the main roof. As we can see, the conveyor gateway is located in the most destressed part of the whole panel system which minimizes ground control problems here. when it is completely connected to the gob. The tunneling work of the conveyor gateway is actually performed under this thin solid coal roof and two sides of the conveyor gateway are solid coal (one side is the rib of the triangular coal pillar, the other side is the rib of the solid coalbed). Thus, the gateway supported by steel sets with wire mesh on the top prevents the roof from falling. Figure 8 shows the artificial roof support in the conveyor gateway completely connected to the gob and caved rocks right behind the face end shields in Zhenchengdi coal mine, China. Thus, the support system has to be designed to carry only the load of caved rock mass resulting from the caved immediate roof which is less required [13] . Figure 9 shows that the air-return gateway is right under the masonry protective structure developed by the main roof. As we can see, the conveyor gateway is located in the most destressed part of the whole panel system which minimizes ground control problems here. (3) Reduction of probability of spontaneous combustion and fire.
In CLTCC, top coal above the gateways and several face end shields cannot be extracted and gateway pillars gradually fail and break due to abutment pressure, leading to a large amount of loose coal. These broken loose coal pieces, fragments and gravel result in a high probability of spontaneous combustion. The spontaneous combustion-prone areas are shown in Figure 10 . Area 1-the ribs of the gateway; Area 2-two ends of the face; Area 3-beside coal pillars; Area 4-beside the barrier pillar.
Fortunately, in LMSG, the face end adjacent to area 3 gradually becomes flat, hence the thickness of the top coal decreases which means that the recovery ratio of top coal is higher than CLTCC, i.e., the closer to the conveyor gateway 1, the smaller the amount of the coal loss; the farther when it is completely connected to the gob. The tunneling work of the conveyor gateway is actually performed under this thin solid coal roof and two sides of the conveyor gateway are solid coal (one side is the rib of the triangular coal pillar, the other side is the rib of the solid coalbed). Thus, the gateway supported by steel sets with wire mesh on the top prevents the roof from falling. Figure 8 shows the artificial roof support in the conveyor gateway completely connected to the gob and caved rocks right behind the face end shields in Zhenchengdi coal mine, China. Thus, the support system has to be designed to carry only the load of caved rock mass resulting from the caved immediate roof which is less required [13] . Figure 9 shows that the air-return gateway is right under the masonry protective structure developed by the main roof. As we can see, the conveyor gateway is located in the most destressed part of the whole panel system which minimizes ground control problems here. (3) Reduction of probability of spontaneous combustion and fire.
Fortunately, in LMSG, the face end adjacent to area 3 gradually becomes flat, hence the thickness of the top coal decreases which means that the recovery ratio of top coal is higher than CLTCC, i.e., the closer to the conveyor gateway 1, the smaller the amount of the coal loss; the farther (3) Reduction of probability of spontaneous combustion and fire.
In CLTCC, top coal above the gateways and several face end shields cannot be extracted and gateway pillars gradually fail and break due to abutment pressure, leading to a large amount of loose coal. These broken loose coal pieces, fragments and gravel result in a high probability of spontaneous combustion. The spontaneous combustion-prone areas are shown in Figure 10 . Area 1-the ribs of the gateway; Area 2-two ends of the face; Area 3-beside coal pillars; Area 4-beside the barrier pillar. to the conveyor gateway 1, the larger the amount of the coal loss, up to the same amount as that in CLTCC, as shown in Figure 7 . The loose coal adjacent to the air-return gateway is now solid triangular coal loss which has a certain function for separating loose coal from the active panel. Thus, spontaneous combustion-prone areas and their threat substantially reduce. The coal seam in Tangshan coal mine is up to 30° on average, and equipment in face tends to slide in CLTCC due to inclination. In LMSG, shields uphill are subject to resistance from the shields in the incline-to-flat transitional section, so is AFC, thus machines in face are more stable. Moreover, the disconnection of the conveyor and the stage loader is avoided and the coal within the interval can be completely cut by a shearer as shown in Figure 11 . 
Concerns and Constraints
Since the invention of LMSG, dozens of coal mines have adopted the method. According to practice of this method in these coal mines, LMSG has been successfully employed in coal seams with inclination from 0° to 60° [13] . LMSG is applicable for coal seams with thickness preferably over 3 m, but is not limited to seams more than 3 m. With the development of tunneling technology, rock tunnels can now be driven at relatively lower cost, therefore, with a gateway driven in the roof rock bed, LMSG in the thin coal bed can also achieve high yield and high efficiency as shown in Figure 12 . Fortunately, in LMSG, the face end adjacent to area 3 gradually becomes flat, hence the thickness of the top coal decreases which means that the recovery ratio of top coal is higher than CLTCC, i.e., the closer to the conveyor gateway 1, the smaller the amount of the coal loss; the farther to the conveyor gateway 1, the larger the amount of the coal loss, up to the same amount as that in CLTCC, as shown in Figure 7 . The loose coal adjacent to the air-return gateway is now solid triangular coal loss which has a certain function for separating loose coal from the active panel. Thus, spontaneous combustion-prone areas and their threat substantially reduce.
The coal seam in Tangshan coal mine is up to 30 • on average, and equipment in face tends to slide in CLTCC due to inclination. In LMSG, shields uphill are subject to resistance from the shields in the incline-to-flat transitional section, so is AFC, thus machines in face are more stable. Moreover, the disconnection of the conveyor and the stage loader is avoided and the coal within the interval can be completely cut by a shearer as shown in Figure 11 . to the conveyor gateway 1, the larger the amount of the coal loss, up to the same amount as that in CLTCC, as shown in Figure 7 . The loose coal adjacent to the air-return gateway is now solid triangular coal loss which has a certain function for separating loose coal from the active panel. Thus, spontaneous combustion-prone areas and their threat substantially reduce. The coal seam in Tangshan coal mine is up to 30° on average, and equipment in face tends to slide in CLTCC due to inclination. In LMSG, shields uphill are subject to resistance from the shields in the incline-to-flat transitional section, so is AFC, thus machines in face are more stable. Moreover, the disconnection of the conveyor and the stage loader is avoided and the coal within the interval can be completely cut by a shearer as shown in Figure 11 . 
Since the invention of LMSG, dozens of coal mines have adopted the method. According to practice of this method in these coal mines, LMSG has been successfully employed in coal seams with inclination from 0° to 60° [13] . LMSG is applicable for coal seams with thickness preferably over 3 m, but is not limited to seams more than 3 m. With the development of tunneling technology, rock tunnels can now be driven at relatively lower cost, therefore, with a gateway driven in the roof rock bed, LMSG in the thin coal bed can also achieve high yield and high efficiency as shown in Figure 12 . 
Since the invention of LMSG, dozens of coal mines have adopted the method. According to practice of this method in these coal mines, LMSG has been successfully employed in coal seams with inclination from 0 • to 60 • [13] . LMSG is applicable for coal seams with thickness preferably over 3 m, but is not limited to seams more than 3 m. With the development of tunneling technology, rock tunnels can now be driven at relatively lower cost, therefore, with a gateway driven in the roof rock bed, LMSG in the thin coal bed can also achieve high yield and high efficiency as shown in Figure 12 . It is preferably used for a coal seam with low methane content and gob water amount. Many researchers argue that tunneling under the gob is a challenge. In reality, from Figure 4 , we can see that there is solid coal or a coal sheet in the roof of the air-return gateway and it is not totally connected to the gob. In addition, the principle of mining sequences, shown in Figure 6 , is to leave enough time for the gob area of the previous panel to compact and get cementation again in order to form a pseudo-roof with competent strength for subsequent panels similar to MLM. In some engineering practices where the air-return gateway is totally connected to the gob, by grouting slime water into the gob area from the conveyor gateway, the degree of consolidation is increased, making sure that the air leakage meets the ventilation requirement. In addition, grouting slime reduces the spontaneous heating of loose coal in the gob area which means that the prevention and extinguishing of fire are also pretty good. A number of LMSG practices in many coal mines in China [10, 13] corroborate the above statement.
In cases of accumulated water or large gas content or concentrations in the gob, engineers should consider the case shown in Figure 13 . From the analysis above, we can see that it is inevitable to leave pillars unmined between adjacent LMSG panels in some cases. However, it also has some merits in pillar design in the LMSG which will be discussed in detail in the next section.
Pillar Design in the LMSG
The width of the gateway pillars in China has long been calculated by Equation (2) It is preferably used for a coal seam with low methane content and gob water amount. Many researchers argue that tunneling under the gob is a challenge. In reality, from Figure 4 , we can see that there is solid coal or a coal sheet in the roof of the air-return gateway and it is not totally connected to the gob. In addition, the principle of mining sequences, shown in Figure 6 , is to leave enough time for the gob area of the previous panel to compact and get cementation again in order to form a pseudo-roof with competent strength for subsequent panels similar to MLM. In some engineering practices where the air-return gateway is totally connected to the gob, by grouting slime water into the gob area from the conveyor gateway, the degree of consolidation is increased, making sure that the air leakage meets the ventilation requirement. In addition, grouting slime reduces the spontaneous heating of loose coal in the gob area which means that the prevention and extinguishing of fire are also pretty good. A number of LMSG practices in many coal mines in China [10, 13] corroborate the above statement.
In cases of accumulated water or large gas content or concentrations in the gob, engineers should consider the case shown in Figure 13 . It is preferably used for a coal seam with low methane content and gob water amount. Many researchers argue that tunneling under the gob is a challenge. In reality, from Figure 4 , we can see that there is solid coal or a coal sheet in the roof of the air-return gateway and it is not totally connected to the gob. In addition, the principle of mining sequences, shown in Figure 6 , is to leave enough time for the gob area of the previous panel to compact and get cementation again in order to form a pseudo-roof with competent strength for subsequent panels similar to MLM. In some engineering practices where the air-return gateway is totally connected to the gob, by grouting slime water into the gob area from the conveyor gateway, the degree of consolidation is increased, making sure that the air leakage meets the ventilation requirement. In addition, grouting slime reduces the spontaneous heating of loose coal in the gob area which means that the prevention and extinguishing of fire are also pretty good. A number of LMSG practices in many coal mines in China [10, 13] corroborate the above statement.
The width of the gateway pillars in China has long been calculated by Equation (2) From the analysis above, we can see that it is inevitable to leave pillars unmined between adjacent LMSG panels in some cases. However, it also has some merits in pillar design in the LMSG which will be discussed in detail in the next section.
The width of the gateway pillars in China has long been calculated by Equation (2) [12] [13] [14] [15] :
where, B = width of the gateway pillar; x 0 = width of the plastic zone adjacent to the gob; m = mining height; x 1 = the width of the plastic zone adjacent to the next new roadway. x 0 satisfies:
where, f = the coefficient of friction; ϕ = the angle of internal friction; C = cohesion; γ = unit weight; H = cover depth; K = stress concentration factor; ξ = 1+sin ϕ 1−sin ϕ . Since the mining height "m" is reduced significantly in Equation (3) in the Tangshan case, the mining height adjacent to the conveyor gateway is approximately 3 m as shown in Figure 8 , while that in CLTCC is equal to 8.7 m. Thus, x 0 in the LMSG is only about one-third of that in CLTCC, leading to a smaller pillar width B in Equation (2).
Physical Modelling of the LMSG Panel for Tangshan Coal Mine
Physical modelling is an effective way to study rock strata behavior and has been extensively used in China [16] . Large-scale 2-D physical models were built in China University of Mining and Technology (Beijing) for Tangshan coal mine. According to the field data of the No. Y294 panel, the developed engineering properties are given in Table 3 and were used to develop equivalent model materials properties. Strength, density and geometry similitude for equivalent model materials follow the following relationships [17] :
and C L , C σ and C ρ were calculated as follows:
where C L is the geometric scaling constant, C σ is a constant of strength similarity and C ρ is a constant of density similarity between the prototype (full-scale case) and the model. Subscript p represents the prototype, m represents the model, L is the length, σ is the strength and ρ is the bulk density. Equivalent model materials used consisted of aggregate (fine sand) and cement materials (lime and Plaster of Paris). The geometric scaling factor of C L = 200:1, and the density factor of C ρ = 1.6:1 were used for physical modeling studies. Using Equations (4) and (5), equivalent material parameters were obtained and the proportion of different constituents in the physical model are given in Table 4 . CM-2B type static strain gages were embedded into model materials to measure strains at strategic locations that were built during the construction stage and then converted to stress values. The dimensions of the physical models were 180 cm long, 160 cm thick and 1300 cm high and simulated mining depth and panel widths were 500 m and 100 m, respectively as shown in Figure 14a . Plane-stress simulations were used. Stress concentration in abutment zones was measured using stress sensors and a digital data acquisition system as shown in Figure 14b Equivalent model materials used consisted of aggregate (fine sand) and cement materials (lime and Plaster of Paris). The geometric scaling factor of CL = 200:1, and the density factor of Cρ = 1.6:1 were used for physical modeling studies. Using Equations (4) and (5), equivalent material parameters were obtained and the proportion of different constituents in the physical model are given in Table 4 . CM-2B type static strain gages were embedded into model materials to measure strains at strategic locations that were built during the construction stage and then converted to stress values. The dimensions of the physical models were 180 cm long, 160 cm thick and 1300 cm high and simulated mining depth and panel widths were 500 m and 100 m, respectively as shown in Figure  14a . Plane-stress simulations were used. Stress concentration in abutment zones was measured using stress sensors and a digital data acquisition system as shown in Figure 14b 
Analysis and Discussion of Physical Modeling Results
From Figure 14e ,f, we can see that in LMSG, as the working face on one end gradually translates from incline into flat, the roof strata move or deform more continuously or uninterruptedly as the roof strata in CLTCC are more abrupt and the void ratio is accordingly larger. Stress distributions of the two approaches are similar with only some slight differences in gob edges and abutment pressures. As a bridge structure forms adjacent to the coal pillar during the excavation of the previous CLTCC panel, the gob pressure remains zero for a few meters. While in the LMSG, the gob edge pressure is near zero which is likely due to the transition section that is also covered by a few caved rocks. However, the overall pressure around here is substantially reduced due to structures formed by roof strata (Figure 9 ).
After excavation of the Y294 panel (Figure 14g ,h), we can see that since there is no conventional rectangular pillar between two adjacent LMSG panels (only a small triangular coal loss which has 
After excavation of the Y294 panel (Figure 14g ,h), we can see that since there is no conventional rectangular pillar between two adjacent LMSG panels (only a small triangular coal loss which has little effect on strata movement), the overlying strata across the LMSG panels deform and subside as a whole as if it is a super-critical longwall panel which is beneficial for mitigating non-uniform deformation on the ground surface, as shown in Figure 14h ,j. In addition, as the overlying strata across the LMSG panels deform and subside as a whole, there is no apparent abutment pressure, while in CLTCC, huge abutment pressure occurs on the coal pillar as shown in Figure 14g which likely gives rise to bumps and bursts. From Figure 14h , we can see that as the pressure in the gob is generated only by the caved strata below the relatively intact key stratum, stresses are less than pre-mining vertical stress. The small remnant triangular coal pillar has little effect on stress distribution in the gob. Thus, the gob is more uniformly loaded with slightly higher gob pressure in LMSG. A few meters within the gob edge, the stress is significantly reduced even below the other parts of the gob. Therefore, the air-return gateway of the successive new panel is always located in this most destressed zone in the whole mining system and therefore ground control problems should be minimum; while in CLTCC, with the depth increases, the abutment pressure that occurred on the deeper pillar is larger, as shown in Figure 14i . Figure 14f shows that the air-return gateway of the Y294 panel is located right under the edge of the gob of the previous panel and is adjacent to the triangular coal pillar. A protective arch structure is developed above the air-return gateway, as shown more clearly in Figure 9 . The overlapped part is right under the protective structure formed by the main roof strata. Block C is supported by the gob material which is settled. Block A is in the pre-mining state and is intact. Block B is therefore like a bridge, with one end supported by block C and gob, one end supported by block A and immediate roof. This concept is similar to the concept that the safest place in a room during an earthquake is a corner where a bridge protective structure is likely to form. The stress around this air-return gateway is much lower than pre-mining stress as shown in Figure 9 . Thus, the likelihood of ground control problems is minimized.
Concluding Remarks
Gateways on either end of the No. Y294 panel in Tangshan coal mine are located at different heights within the coal seam. Its unique feature is a novel mining system which extends conventional mining system into three dimension as shown in Figure 15 . Both theoretical study and practice show that LMSG is an effective way to enhance overall stability of mining equipment in working face in inclined coal seams; avoid or reduce stress concentration for development entry adjacent to the new panel which is located in the de-stressed zone with associated reduction in coal bumps, bursts and support problems; reduce the hazard of fire and spontaneous combustion, etc. little effect on strata movement), the overlying strata across the LMSG panels deform and subside as a whole as if it is a super-critical longwall panel which is beneficial for mitigating non-uniform deformation on the ground surface, as shown in Figure 14h ,j. In addition, as the overlying strata across the LMSG panels deform and subside as a whole, there is no apparent abutment pressure, while in CLTCC, huge abutment pressure occurs on the coal pillar as shown in Figure 14g which likely gives rise to bumps and bursts. From Figure 14h , we can see that as the pressure in the gob is generated only by the caved strata below the relatively intact key stratum, stresses are less than pre-mining vertical stress. The small remnant triangular coal pillar has little effect on stress distribution in the gob. Thus, the gob is more uniformly loaded with slightly higher gob pressure in LMSG. A few meters within the gob edge, the stress is significantly reduced even below the other parts of the gob. Therefore, the air-return gateway of the successive new panel is always located in this most destressed zone in the whole mining system and therefore ground control problems should be minimum; while in CLTCC, with the depth increases, the abutment pressure that occurred on the deeper pillar is larger, as shown in Figure 14i . Figure 14f shows that the air-return gateway of the Y294 panel is located right under the edge of the gob of the previous panel and is adjacent to the triangular coal pillar. A protective arch structure is developed above the air-return gateway, as shown more clearly in Figure 9 . The overlapped part is right under the protective structure formed by the main roof strata. Block C is supported by the gob material which is settled. Block A is in the pre-mining state and is intact. Block B is therefore like a bridge, with one end supported by block C and gob, one end supported by block A and immediate roof. This concept is similar to the concept that the safest place in a room during an earthquake is a corner where a bridge protective structure is likely to form. The stress around this air-return gateway is much lower than pre-mining stress as shown in Figure 9 . Thus, the likelihood of ground control problems is minimized.
Gateways on either end of the No. Y294 panel in Tangshan coal mine are located at different heights within the coal seam. Its unique feature is a novel mining system which extends conventional mining system into three dimension as shown in Figure 15 . Both theoretical study and practice show that LMSG is an effective way to enhance overall stability of mining equipment in working face in inclined coal seams; avoid or reduce stress concentration for development entry adjacent to the new panel which is located in the de-stressed zone with associated reduction in coal bumps, bursts and support problems; reduce the hazard of fire and spontaneous combustion, etc. Nowadays, the depth of coal and other mineral mines, such as trona, that can be longwall-mined all over the world is increasing fast, how to avoid stress concentration at depth is urgent. LMSG is a preferable approach to achieve high-production and high efficiency in many difficult situations including at depth and in inclined seams, etc. LMSG stimulates researchers, engineers, etc., to conceive new ideas for panel layouts and pillar designs for the underground coal mine.
Coal mines currently using LMSG in China are all single-entry or two-entry systems which does not meet the demand in many other countries, such as U.S. Therefore, additional research, field pilot systems or technical and economical feasibility studies should be done to assess the performance of a multi-entry (three-, four-, five-, or more entry) LMSG system.
